inflamed peritoneal cavity was significantly elevated in the PTEN knockout (KO) mice (30) .
Neutrophil migration through blood vessel wall is a complex process that can be divided into at least four discrete phases: capture and rolling, activation, arrest or firm adhesion, and diapedesis or transmigration from circulation across endothelium into tissues (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) . Which step is enhanced and responsible for the observed elevation of neutrophil recruitment in the PTEN KO mice is still largely unknown. In this study, we have investigated the multistep recruitment of neutrophil in a mouse cremaster muscle using intravital video microscopy (IVM). We found that PTEN disruption significantly enhanced neutrophil recruitment in the cremaster muscle in response to different stimuli. Enhanced recruitment was associated with faster neutrophil movement in the vascular bed, across the vascular endothelial wall, and in the muscle tissue. Hence, we propose that PTEN is a negative regulator in neutrophil trafficking and should be a legitimate therapeutic target for modulating neutrophil recruitment in a variety of infectious and inflammatory diseases.
Materials and Methods

Mice and reagents
Myeloid-specific deletion of PTEN was performed as previously described (41) . Age-matched, 10-to 14-wk-old, male wild-type (WT) mice and PTEN KO (PTEN loxP/loxP Cre ϩ/ϩ or PTEN loxP/loxP Cre ϩ/Ϫ ) mice were used in all experiments. The study protocol was approved by the Animal Care and Use Committee of Children's Hospital Boston. MIP-2 and TNF-␣ were purchased from R&D Systems. fMLP, rhodamine 6G, LY942002, a PI3K inhibitor, and PP2, a Src tyrosine kinase inhibitor were purchased from Sigma-Aldrich. FITC-or PE-conjugated anti-mouse Gr-1 mAbs (clone RB6-8C5), PE-conjugated anti-mouse CD62L, P-selectin glycoprotein ligand (PSGL)-1, CD11b, and CD18 mAbs, FITC-conjugated anti-mouse CD44 and CD29 mAbs, and Alexa Fluor 488-conjugated anti-mouse CD31 mAb (clone 390) were purchased from BD Biosciences or BioLegend.
Cremaster muscle preparation
The surgical procedure to expose the cremaster muscle was performed as previously described (17, (42) (43) (44) with slight modification. Mice were i.p. anesthetized with a mix of 200 g of ketamine/20 g of xylazine per mouse every 45 min until the end of the experimental period. The hair covering the right testes area was shaved with an electric razor and hair removal lotion. A diagonal incision was made starting at the tip of the testis that was exposed on a Plexiglas custom-built stage. A longitudinal incision was made at the ventral side of the muscle using a heat cauterizer, and the muscle was spread using 6 -0 sutures. The muscle was continuously superfused with 35°C thermostable 0.09% saline solution. Temperature at the muscle surface was frequently checked by a digital thermometer probe. The surgical procedure takes ϳ13 min.
IVM acquisition
The preparation was transferred to an intravital microscope (IV-500; Micron Instruments) with epifluorescence capability. Digital recording of videos was acquired by QED Imaging software (MediaCybernetics). At least three vessels of 20-to 40-m diameter were recorded per time point. A waiting period of 15 min was observed to stabilize blood flow before any recording was taken. For fMLP (final concentration, 10 M) superfusion preparation, control recordings were taken ahead of applying the chemoattractant superfusion. For TNF-␣ preparation, the mouse was intrascrotally injected with 0.5 g of TNF-␣ in 300 l of sterile saline solution at 2 and 4 h before start of recording. For MIP-2 preparation, the mouse was intrascrotally injected with 1 g of MIP-2 in 300 l of sterile saline solution at 2 h ahead of video acquisition. PI3K inhibitor LY942002 (10 mg/kg) or Src inhibitor PP2 (0.2 mg/kg) (45) was i.v. introduced 15 min ahead of MIP-2 intrascrotal injection. To induce ischemia (46, 47) , a metal clamp (Fine Science Tools) was inserted at the muscle base under saline superfusion; blood flow blockage was confirmed using IVM. The clamp was removed 30 min later and the blood flow was allowed for additional 60 min under the same superfusion conditions. To observe the blood flow centerline velocity, 100 l of rhodamine 6G (2 mg/ml) was i.v. injected. To confirm that leukocytes observed under brightfield are neutrophils, 4 g of FITC-conjugated anti-Gr-1 mAb in 100 l of saline solution were i.v. injected, and leukocyte trafficking was visualized immediately. To delineate the endothelial cell boundaries, 40 g of Alexa Fluor 488-conjugated anti-CD31 (PECAM-1) mAb in 150 l of saline solution was i.v. injected. Videos of 30 -60 s were recorded under 40X water-immersion objective with a frame rate of 10 frames/s and 1 or 2 binning. For crawling and vascular wall crossing, videos of 5-10 min were recorded under ϫ40, ϫ63, and ϫ100 magnification with a frame rate of 5 frames/s and 2 binning. Epifluorescent videos were taken at 56 frames/s and 2 binning (CD31) and 96 frames/s and 4 binning (rhodamine 6G).
IVM analysis
Offline analysis of recorded videos was performed by frame-by-frame playback using Quicktime software. Rolling cells were defined as the cells moving over the 100-m long vessel with a velocity below the velocity of RBC. Adherent cells were defined as cells staying still for at least 30 s. Emigrating cells were calculated as the number of cells that left completely the blood vessel and still within a distance of 50 m on both sides, thus in an area 100 ϫ 50 ϫ 2 m or 10 4 m 2 . Crawling cells were considered the cells moving slowly on the vessel bed with a polarized phenotype. To calculate the speed at which a cell crosses the vascular wall, we measured the distance between the cell head when it first shows up at the vessel abluminal side and the cell head when the tail just detached from the abluminal side of the vessel. Rolling velocity (10 cells/vessel) was measured as the distance (in micrometers) between two points over time (seconds). Crawling as well as tissue emigration velocity were measured for cell straight movements (in micrometers) only, between two points over time (seconds). Centerline blood velocity (V rbc ) was measured for 20 cells/ vessel under a high recording rate of 96 frames/s. Mean blood flow velocity was calculated as centerline velocity at 0.625 (48) . Wall shear rate was calculated as 8 ϫ 2.12 (mean blood velocity per diameter) (48, 49) .
Blood count and histology
Blood was collected at the end of every preparation from the eye retroorbital sinus into EDTA-coated tubes (BD Biosciences) and differential count was measured by Hemavet 850 (Drew Scientific). At the end of experiment, cremaster muscle was fixed overnight in 4% paraformaldehyde at 4°C, paraffin-embedded, sectioned and stained with H&E.
Electron microscopy
MIP-2 (1 g/300 l of saline) was injected intrascrotally and the cremaster muscle was dissected 3 h later. Tissue was fixed overnight in 2.5% formaldehyde, 5.0% glutaraldehyde, 0.06% picric acid in 0.2 M cacodylate buffer; all reagents were purchased from Electron Microscopy Sciences. Tissue was then washed several times in 0.1 M cacoldylate buffer and osmicated in a final solution of 1% osmium tetroxide and 1.5% potassium ferrocyanide for 3 h, followed by several washes of dH 2 O. One percent of uranyl acetate in maleate buffer is added for 1 h, and tissue was washed several times with maleate buffer (pH 5.2). This process is followed by a graded cold ethanol washing series (50%, 80%, 95%, and 100% ethanol) over 1 h. Propylene oxide washes follow, again three times over 1 h. Then tissue was placed in 1:1 mixture of propylene oxide and plastic, including catalyst, overnight, embedded in pure plastic Taab resin (Marivac) the next day and put into 60°C oven for 1 or 2 days. The 95-nm sections were cut with Leica ultracut microtome, picked up on Formvar-coated copper grids, stained with 0.2% lead citrate, and viewed and imaged under the Philips Technai Spirit Electron Microscope.
Flow cytometry
Blood was collected from the eye retro-orbital sinus, and RBC were lysed at room temperature in an ACK lysing buffer (Invitrogen). After being washed in a washing buffer (Dulbecco's PBS, 1% BSA and 0.09% NaN 3 ), cells were then incubated with Fc block (anti-CD16/CD32) for 15 min followed by fluorescent-conjugated Abs (1 g/1 million cells) for 30 min at 4°C. Cells were then washed and fixed in 4% paraformaldehyde. Flow cytometry was performed using a FACSCanto II machine (BD Biosciences) and analyzed using Flowjo software (Tree Star). For fMLP stimulation in vitro, 5 ϫ 10 5 WT or PTEN KO bone marrow leukocytes (in RPMI 1640 medium, 0.25% BSA) were stimulated with 500 nM fMLP for 0, 1, and 5 min. Equal volume of 7.4% formaldehyde was added, and cells were kept on ice for 20 min. Cells were then double stained with FITCGr-1 and PE-CD11b as above.
and gelatinase and elastase activities in the supernatants were measured using EnzChek Gelatinase Assay kit (Molecular Probes) and EnzCheck Elastase Assay kit (Molecular Probes), respectively, according to protocols provided by the manufacturer's. In both assays, the samples were incubated for 5 h at room temperature. Fluorescence was measured in a fluorescence multiwell plate reader set for excitation at 485 Ϯ 10 nm and emission detection at 530 Ϯ 15 nm. Background fluorescence has been subtracted from each value. Cell lysates of the same number of unstimulated neutrophils were used to measure the total amount of intracellular gelatinase and elastase activity.
Statistical analysis
We used the Student t test (Microsoft Excel) for data analysis. A value for p Ͻ 0.05 defined statistical significance.
Results
Examination of leukocyte transendothelial migration using IVM
PTEN null neutrophils displayed enhanced accumulation in the mouse peritoneum in response to inflammatory stimulants such as Escherichia coli or thioglycolate (30) . To understand the mechanism of this accumulation, we dissected the steps that neutrophils take to leave the circulation into their accumulation endpoint. We used brightfield and epifluorescent IVM to observe the leukocyte behavior in the postcapillary venules in the mouse cremaster muscle. Leukocyte recruitment was induced by intrascrotal injection of MIP-2, a neutrophil chemoattractant, or TNF-␣, an inflammatory cytokine. It was reported previously that most transmigrated leukocytes in this system are neutrophils (16, 50 -52) . This finding was confirmed in our system using three independent approaches. Traditional histological analysis of the mouse cremaster muscle showed that the majority of cells (96%) recruited were multilobed nucleated neutrophils in both WT and PTEN KO mice (see supplemental Fig. S1, A and B) . 4 Consistently, epifluorescent IVM showed that most transmigrating cells (90%) were Gr-1-positive cells that were stained by i.v. injected FITC-conjugated anti-Gr-1 mAb (data not shown). Finally, electron microscopy also showed that more than 98% of cells recruited were neutrophils in both WT and PTEN KO mice (see supplemental Fig. S1, A and B) . 4 Therefore, the trafficking parameters measured in this system should authentically reflect the behavior of neutrophils.
PTEN null neutrophils display enhanced emigration in response to fMLP superfusion
Conventional Pten
Ϫ/Ϫ mice die in early embryonic stage. Thus, we used a conditional myeloid-specific PTEN KO mouse in which PTEN deletion only occurs in the myeloid linage, including monocytes, mature macrophages, and neutrophils (30) . The depletion of PTEN protein in neutrophils was confirmed by Western blot analysis. In addition, specific increase in PIP 3 signaling was confirmed by measuring phosphorylation of Akt, a well-known downstream factor in the PIP 3 signaling pathway (see supplemental Fig. S2 ). 4 We first studied the neutrophil trafficking behavior in response to fMLP, a chemoattractant peptide released by bacteria and considered as a bacterial endpoint stimulant. WT and PTEN KO mice had similar blood neutrophil counts, and their cremaster postcapillaries displayed similar wall shear rates (see supplemental Table S1 ). 4 In naive (unchallenged) mice, WT and KO neutrophils had minimal adhesion and emigration capability due to lack of stimulation (see supplemental Table S5 ). 4 The neutrophil rolling was likely a result of tissue trauma caused by surgery. In fMLP-superfused venules, the number of adherent neutrophils was significantly increased, but was comparable between the WT and PTEN KO mice over the 1-h observation period (Fig. 1C) . PTEN KO neutrophils were slightly faster in rolling at the 20-and 60-min time points (Fig. 1B) , whereas the number of rolling cells is similar to each other (Fig. 1A ). In addition, PTEN KO neutrophils showed much more pronounced emigration capability over the 1-h stimulation (Fig. 1D ). At 20 min of fMLP superfusion, ϳ10 emigrated neutrophils and at 40 min, ϳ20 emigrated neutrophils were detected in a 10 4 m 2 area close to the vessels in the PTEN KO mice. By contrast, only about two neutrophils at 20 min and three neutrophils at 40 min were detected in the WT mice. Because there was no significant difference in venule dimension and blood neutrophil count between the WT and PTEN KO mice (see supplemental Table  S2A) , 4 the elevated neutrophil emigration was likely directly caused by the cellular alterations in neutrophils.
PTEN KO neutrophils display enhanced emigration in response to intrascrotally injected TNF-␣ or MIP-2
The early (ϳ1 h) and prolonged (4 -5 h) responses to inflammatory stimuli might be mediated by distinct cellular pathways. For instance, Liu et al. (17) recently reported that the early response of neutrophils to MIP-2 or KC is mediated by PI3K␥, whereas the more prolonged response to MIP-2 or TNF-␣ is mediated by PI3K␦. To investigate whether PTEN depletion can also alter neutrophil trafficking over a relatively longer period of time, we intrascrotally injected TNF-␣ (0.5 g) and then observed the leukocyte behavior at 2-and 4-h time points. PTEN KO neutrophils 4 The online version of this article contains supplemental material. displayed higher rolling influx at 0-and 4-h time points with a small but statistically significant decline at the 2-h time point ( Fig.  2A) . Similar with what was observed in fMLP-stimulated mice, PTEN KO neutrophils were faster in rolling until they converged after 4 h into a similar rolling speed with WT neutrophils (Fig. 2B ). The number of neutrophils adhering to the vascular endothelium was slightly increased after 4 h of TNF-␣ introduction (Fig. 2C) , whereas the emigration of PTEN KO neutrophils was dramatically enhanced (Fig. 2D) . Again, there was no significant difference in venule dimensions and in blood neutrophil count after these experiments (see supplemental Table S2B ). 4 To examine whether the enhancement of neutrophil emigration is a general phenotype caused by PTEN-depletion, we further investigated neutrophil recruitment induced by intrascrotal injection of MIP-2 (CXCL2), a neutrophil chemoattractant that is up-regulated in the vascular lumen in response to inflammatory stimuli such as TNF-␣ (52). MIP-2 is often considered as an intermediate inflammatory stimulant. In response to MIP-2, there was no difference in rolling influx, rolling velocity, or adhesion between WT and PTEN KO neutrophils (Fig. 3, A-C) . In contrast, at 2 h after MIP-2 injection emigration of neutrophils was significantly enhanced in the PTEN KO mice ( and Src kinase activities can be inhibited by specific inhibitors. Neutrophils isolated from WT mice were incubated with 25 ng/ml MIP-2 in the presence of indicated inhibitors for 10 min. Phosphorylated and total Akt were detected by Western blotting using anti-phospho-Akt Ab (Ser 473 ) (1/1000) and anti-Akt Abs (1/1000) (Cell Signaling Technology), respectively. Similarly, Src activity was determined by measuring phosphorylation of cortactin, a well-known downstream factor in the Src signaling pathway. B-E, Leukocyte recruitment was stimulated by an intrascrotal injection of 300 l of saline or 1 g of MIP-2 in 300 l of saline solution. In separate experiments, the MIP-2 intrascrotal injection was 20 min preceded by an i.p. injection of 10 mg/kg PI3K inhibitor LY942002 or 0.2 mg/kg Src inhibitor PP2. Recordings were taken 2 h after the intrascrotal injection under continuous flow of 35°C thermally stable saline. The major trafficking parameters, which are the rolling flux (B), rolling velocity (C), adhesion or sticking (D), and emigration (E) were determined in the postcapillary venules of the mouse cremaster for n ϭ 3 mice per genotype. ‫,ء‬ p Ͻ 0.05 between WT and PTEN KO animals. 3D). Collectively, our results demonstrated that PTEN acts as a negative regulator in neutrophil transendothelial migration.
Enhanced neutrophil emigration in PTEN KO mice could be inhibited by PI3K inhibitor in vivo
PTEN is a lipid phosphatase that negatively regulates PIP 3 signaling (25) . Consistently, PIP 3 signal was dramatically elevated in the PTEN null neutrophils (30) . To examine whether the observed enhancement of neutrophil emigration in PTEN KO mice is a direct result of augmented PIP 3 signal, we investigated whether this enhancement can be inhibited by LY942002, a PI3K inhibitor (Fig. 3A) . In comparison to MIP-2 treatment only, PI3K inhibition by LY942002 did not significantly affect neutrophil rolling speed or adhesion in either WT or PTEN KO mice, and rolling influx was only slightly reduced (Fig. 3, B-D) . However, neutrophil emigration was dramatically lowered by LY942002 treatment in both WT and PTEN KO mice (Fig. 3E ). This inhibition is likely due to the direct suppression of intracellular signaling pathways involved in neutrophil trafficking because PI3K inhibition had no effect on the expression level of Lselectin, PSGL-1, and CD11b on either WT or PTEN KO neutrophils (data not shown). Interestingly, PP2 also significantly blocked neutrophil emigration in WT and PTEN KO mice (Fig.  3A) . Thus, the PTEN depletion-induced enhancement of neutrophil recruitment was completely abolished after PP2 treatment. No significant difference in neutrophil emigration was detected between PP2-treated WT and PP2-treated PTEN KO mice (Fig. 3E) . These results suggest that Src family tyrosine kinase might be one of the essential downstream targets mediating PIP 3 signaling during neutrophil transmigration. There was no significant difference in venule dimensions or blood neutrophil count after these experiments (see supplemental  Table S2C ). 4 
PTEN KO neutrophils displayed faster crawling and emigration across the postcapillary venular wall and through muscle tissue
Because the number of adherent neutrophils was not significantly increased in the PTEN KO mice, the enhanced neutrophil emigration in these mice was likely due to increased efficiency of steps after adhesion. Thus, we explored whether these steps were affected by PTEN disruption. Recently, it has been suggested that adherent neutrophils crawl on the endothelial cells before their transmigration, presumably to find a "soft spot" (40, 51, 53, 54) . Crawling cells are distinguished by their polarized shape and often lateral movement. We measured the speed of crawling by following their movements over the vascular bed in response to fMLP superfusion or MIP-2 intrascrotal injection. The video captions (Fig. 4A ) tracks a PTEN KO neutrophil before (Fig. 4, left) , after wall crossing (Fig. 4, middle) and far after detaching into tissue (Fig. 4, right) . This cell needed ϳ53 s to negotiate its ϳ15-m body length across the vascular wall. Compared with WT neutrophils, the crawling speed of PTEN KO neutrophils significantly increased from 280 Ϯ 24 nm/s to 400 Ϯ 22 nm/s in response to fMLP, and from 262 Ϯ 45 nm/s to 480 Ϯ 54 nm/s in response to MIP-2 (Fig. 4, B and C) . We also calculated the speed at which leukocytes transmigrated cross the vascular endothelial wall and the speed of migration in the tissues after the detachment from the vascular endothelial wall (Fig. 4A and see supplemental Video S1). 4 They were all dramatically elevated in the PTEN KO mice (Fig. 4 , B and C and see supplemental Table  S3 ). 4 When the transmigration was induced by fMLP superfusion, it took the WT neutrophil 108 Ϯ 22 s to cross the endothelial wall, whereas it only took the PTEN KO neutrophil 60 Ϯ 8 s to cross. Similarly, WT neutrophils emigrated at 247 Ϯ 27 nm/s, whereas PTEN KO neutrophils emigrated at 412 Ϯ 26 nm/s through the extravascular tissue. Similar results were obtained when the transmigration was induced by MIP-2 intrascrotal injection (see supplemental Videos S2 and S3). 4 Because crawling, crossing vascular endothelial wall, and migration in the tissues are steps that are taken in chronological order, the slight velocity depression in crossing the wall compared with crawling or tissue crossing (more visible in response to MIP-2) describes extra time cells need to cross the vascular barrier, strikingly in a smooth and undisrupted manner (add this to result section). Collectively, these results suggested that disruption of PTEN generally increased the speed of neutrophil migration before, during, and after the tranendothelial migration. Electron microscopy imaging of the MIP-2-stimulated cremaster vessels revealed that some transmigrating neutrophils were captured on the abluminal side of the vessel between the endothelium and the basement membrane/pericyte layers (Fig. 5, A and B) . These cells were most likely in transit out into the tissue. In PTEN KO mice, the number of these transit cells was dropped significantly from 14.5 ϩ 2.8 cells/mm to 5.8 ϩ 2.5 cells/mm, which is consistent with the increased neutrophil transmigration speed observed in these mice (Fig. 5, B and C) .
PTEN disruption did not alter the preference toward paracellular pathway in neutrophil transendothelial migration
We have shown so far that PTEN KO neutrophils displayed enhanced emigration in response to various stimuli (fMLP, TNF-␣, and MIP-2). Leukocytes follow two paths to cross the vessel wall, paracellular pathway through the interendothelial junctions and transcellular pathway across the endothelial cell itself (55, 56) . It was reported that neutrophils predominantly use the paracellular pathway during their transendothelial migration (55) . To examine whether PTEN disruption can change such preference, we quantified the percentage of neutrophils undertaking paracellular and transcellular pathways in WT and PTEN KO mice. We superfused the cremaster venules with fMLP and i.v. injected fluorescein-conjugated anti-CD31 (PECAM-1), which is a member of Ig superfamily expressed predominantly at endothelial tight junctions (47, 57) . We first delineated the vascular endothelial boundaries by florescent imaging and then traced the localization of firmly arrested leukocytes. Endothelial cells displayed the cobblestone diamond-shaped architecture ( Fig. 6A and see supplemental Video S4) 4 and there was no difference in the endothelial cell dimensions between WT and KO vascular beds (see supplemental Table S4 ). 4 Firmly adherent cells localized predominantly (Ͼ90%) to the endothelial boundaries or tricellular junctions in both WT and PTEN KO mice (Fig. 6B) , demonstrating that PTEN disruption did not change the preference toward neutrophil interaction with the paracellular junctions. However, we cannot exclude the possibility that PTEN disruption might also enhance neutrophil transmigration via elevating transcellular pathway.
PTEN KO neutrophils displayed increased transmigration efficiency in ischemia/reperfusion injury
When neutrophil migration was induced by fMLP superfusion or intrascrotal injection of MIP-2 or TNF-␣, PTEN depletion significantly enhanced the emigration efficiency. We next examined neutrophil trafficking in a more physiologically relevant setting in which neutrophil migration was induced by an ischemia/reperfusion injury, a condition associated with a number of human diseases such as stroke, heart infarction, or organ transplant (37, 58) . To induce ischemia/reperfusion injury, the cremaster underwent 30 min of ischemia followed by 60 min of reperfusion. There was no significant difference in rolling influx between WT and PTEN KO mice (Fig. 7A) . Consistent with previous results, neutrophil emigration efficiency was increased by nearly 2-fold from 79.6 Ϯ 20.1 to 167 Ϯ 32.7 in the PTEN KO mice compared with the WT mice at 60 min after reperfusion. Interestingly, unlike what was observed in previous experiments, the number of adherent cells was significantly reduced in the ischemia/reperfusion-challenged PTEN KO mice in comparison with the WT mice receiving the same challenge (Fig. 7B) . This reduction might be a result of elevated emigration that drained the vascular bed (Fig. 7, B-D) . There was no significant difference in venule dimensions or blood neutrophil count after these experiments (see supplemental Table S2, D). 4 
PTEN disruption augments neutrophil transendothelial migration not through affecting the surface expression of adhesion molecules
We have shown that elevation of PIP 3 signaling via PTEN disruption led to enhanced neutrophil transendothelial migration. Because we used myeloid-specific PTEN KO mice, this enhancement was likely caused by PTEN depletion in neutrophils. One mechanism that is able to contribute to the increased transendothelial migration efficiency is the alteration of surface expression of cell adhesion molecules on neutrophils. To examine whether this variation was the case, we measured the surface expression level of several molecules involved in rolling, crawling, arrest, and emigration, including L-selectin, PSGL-1, CD44, CD11b, CD18, CD29, and CD31. Our results showed that nearly the same amount of these molecules was expressed in PTEN null and WT neutrophils (Fig. 8A) . There was also no difference in the expression levels of CD11b, CD18, and CD29 on peritoneal neutrophils 4 h after thioglycolate peritoneal stimulation (data not shown). Because we recently demonstrated that PTEN deletion in neutrophils was associated with enhanced actin polymerization in response to fMLP stimulation in vitro (30), we paralleled by measuring the cell surface expression of CD11b, an essential molecule for neutrophil crawling and adhesion, under similar stimulatory conditions. PTEN deletion had no influence on the cell surface expression of CD11b in response to fMLP over the in vitro stimulation period (Fig. 8B) .
PTEN disruption augments chemokine-induced release of elastase and gelatinase from neutrophils
Neutrophil migration through endothelial cells and basement membrane is mediated by various junctional adhesion molecules, including PECAM-1, junctional adhesion molecules, ␣ 6 ␤ 1 integrin, ICAM-2, endothelial cell-selective adhesion molecule, CD99, VE-cadherin, and collagen (31, 40, 59, 60) . It was previously reported that some neutrophil proteases, such as elastase and gelatinase, are capable of rapidly degrading components in the junctions and thus facilitate the neutrophil extravasation during an inflammatory response (61) (62) (63) (64) (65) (66) . These proteases are stored in granules in mature neutrophils. To perform their innate immune functions, neutrophils carry four major types of granules that evolve according to the neutrophil maturation stage and differ in their panel of markers. They are the primary, secondary, and tertiary granules and secretory vesicles. From the electron microscopy studies, we did not detect any difference in granule density or morphology between the WT and KO neutrophils (see supplemental Figs. S3 and S4). 4 Neutrophils spreading over biological surfaces or transmigrating into inflamed tissue readily release granule components, including neutrophil elastase (elastase 2), and gelatinase B (MMP-9), upon activation. Thus, to further examine whether the altered protease release is responsible for the observed elevation of neutrophil transendothelial migration in the PTEN KO mice, we measured chemoattractant-elicited degranulation in WT and PTEN KO neutrophils. fMLP induced significant release of gelatinase from mouse neutrophils. Although the total amount of enzyme synthesized and stored in granules is the same between WT and PTEN null neutrophils, the amount of gelatinase released to the extracellular space increased by more than 3-fold in the neutrophils depleted of PTEN (Fig. 9A) . A significant increase was also observed when the release of elastase was measured (Fig. 9B) . These results suggested that disruption of PTEN significantly increased the release of elastase and gelatinase and this might be partially responsible for the enhanced neutrophil transendothelial migration in the PTEN KO mice.
Discussion
The tumor suppressor PTEN is a phosphatidylinositol 3Ј-phosphatase that converts PIP 3 to PIP 2 . Depletion of this lipid phosphatase leads to accumulation of PIP 3 on the plasma membrane, and thus elevation of PIP 3 signaling. In this study, we report that myeloidspecific deletion of PTEN enhanced the neutrophil "invasivity" or emigration capability in inflammatory settings. PIP 3 is a major downstream target of integrin and chemokine receptor, and has been implicated in multiple steps in leukocyte trafficking. Smith et al. (16) recently showed that disruption of PI3K␥, one of the PI3K-mediating G protein-coupled receptor signaling, interferes with integrin bond strengthening. PI3K␥ null mice showed an 80% reduction in CXCL1 (KC)-induced leukocyte adhesion in venules of mouse cremaster muscle (16) . Similar inhibition of tight adhesion was also observed when leukocyte transmigration from cremaster venules was induced with MIP-2 and TNF-␣ (17) . Unexpectedly, we did not observe elevated leukocyte adhesion when the PIP 3 signaling was enhanced via PTEN depletion, suggesting that PIP 3 signaling is essential for stimulielicited cell adhesion, but not a limiting step for inducing elevated adhesion. Liu et al. (17) recently reported that leukocyte emigration was also substantially suppressed by inhibiting PI3K. Interestingly, it appears that the early response to MIP-2 or KC is mediated by PI3K␥, while the more prolonged responses to MIP-2 or TNF-␣ is mediated by PI3K␦, a PI3K activated by receptor tyrosine kinase and integrin (17) . In current study, disruption of PTEN elevated neutrophil emigration in both the early response to fMLP and prolonged responses to MIP-2 or TNF-␣, suggesting that PTEN acts as a negative regulator in both processes. Most recently, Heit et al. (67) reported that under a certain situation, PTEN is required for prioritizing and integrating responses to multiple chemotactic cues. Disruption of PTEN leads to "distraction" in migrating neutrophils. Thus, the exact role of PTEN in neutrophils might rely on the diversity of chemoattractants involved, as well as the relative doses and route used to induce the neutrophil inflammatory reactions.
The elevated rolling velocities observed in the PTEN mice are somewhat surprising. Puri et al. (18, 19) recently reported that PIP 3 signaling can regulate neutrophil rolling by modulating the functions of endothelial cells, and both PI3K␥ and PI3K␦ played a critical role in E-selectin-mediated rolling in cremasteric venules in response to TNF-␣. Nevertheless, the PTEN KO mice we used are myeloid-specific and contain WT endothelial cells. A previous report showed that PI3K deficiency in neutrophils had no effect on rolling flux or rolling velocity (17) . The increased rolling velocity of PTEN null neutrophils might be indirectly caused by other alterations elicited by augmented PIP 3 signaling. Interestingly, we observed that microvilli on PTEN KO neutrophils are significantly longer than those on WT neutrophils (see supplemental Fig. S3 ), 4 which is consistent with the elevated actin polymerization in the KO neutrophils (30) . It is intriguing to examine whether the increased length of microvilli can lead to increased rolling velocity. We measured the surface expression of L-selectin and PSGL-1 on PTEN KO neutrophils and no significant changes were detected. However, we cannot rule out the possibility that augmentation of PIP 3 may alter the nature of PSGL-1 glycosylation, binding affinity, or its subsequent functions.
The neutrophil emigration can be divided into three stages: crawling, crossing vascular endothelial wall, and migration in the tissues, all of which are associated with actin polymerization-dependent cell polarization. After slow rolling, cells acquire the ability to polarize with clear head and tail formation. It is consistent for PTEN neutrophils, with enhanced actin polymerization and pseudopod formation in vitro, to show enhanced velocity in all the emigration stages in vivo, despite their WT expression level of ␤ 1 and ␤ 2 integrins, which are molecules needed for emigration. Neutrophils follow two paths to cross the vessel wall, the paracellular pathway through the interendothelial junctions and transcellular pathway across the endothelial cell itself (55, 56) . Similar to what was previously reported (51, 68), we found that neutrophils predominantly use the paracellular pathway during their transendothelial migration. PTEN disruption did not alter the preference toward the paracellular pathway. Carman et al. suggested that the transcellular pathway is initiated by the presence of podosomes on the ventral part of the leukocytes to sense endothelial clues (69) . Surprisingly, podosomes were equally present on both WT and KO neutrophils despite the predominant junctional pathway taken by these cells to emigrate (see supplemental Fig. S4) . 4 Despite the predominance of the paracellular pathway in neutrophil emigration, both WT and KO neutrophils displayed the podosome presence on their ventral side in touch with the endothelium. The podosome presence along with junctional dominance needs further investigation. It is noteworthy that in one experiment we used an Alexa Fluor 488-conjugated anti-PECAM-1 Ab to visualize the endothelial tight junctions. The injection of this Ab may modulate neutrophil recruitment. However, because only a relatively low concentration of Ab was used, its effect on neutrophil migration should be minimal. This response was confirmed by the normal neutrophil rolling, adhesion, and transmigration efficiency in mice injected with anti-PECAM-1 Ab. Importantly, the WT and KO mice were treated identically and studied in parallel in these experiments, so that any effects caused by Ab were well controlled for and the comparison of interest should in all cases be the effect of genetic deficiency.
Results from this study also suggest that the enhanced emigration of PTEN null neutrophils is likely due to alteration of intracellular signaling pathway because the surface expression of cell adhesion molecules involved in neutrophil trafficking was not changed on the PTEN KO neutrophils. The role of PTEN in regulating intracellular signaling in hemopoietic cells has been investigated in several other labs. Li et al. (70) demonstrated that PTEN intracellular localization and activity are regulated by chemoattractants through Rho GTPases, RhoA, and Cdc42. Immunostaining using a PTEN Ab showed PTEN localization at the back of stimulated neutrophils, along with RhoA. Transwell migration assays showed that knocking down PTEN levels in Jurkat T cells resulted in impaired chemotaxis. These results allowed the authors to propose the following function for PTEN in neutrophils, similar to the function proposed in Dictyostelium (71): localization of PTEN at the uropod locally inhibits PIP 3 production at the back of the cell and thereby confines PIP 3 production and actin polymerization to the leading edge of the cell and mediates directional sensing. Hence, disruption of PTEN would lead to uncontrolled propagation of PIP 3 at leading edge, causing formation of multiple pseudopodia, frequent direction changes and loss in directionality. Subsequently, another report suggested exactly the opposite function for PTEN. Gao et al. (26) proposed that PTEN actually suppresses chemotaxis and thus inhibition of PTEN enhances chemotactic migration. Interestingly, a third report came to a completely different conclusion from both of these studies. Lacalle et al. (28) used Jurkat T cells to show that PTEN does not affect chemotaxis, but only alters migration speed. Using myeloid-specific PTEN KO mice, we recently demonstrated that PTEN KO neutrophils were generally more sensitive to chemoattractants than were WT neutrophils and only had a subtle defect in directional migration (with an increase in migration speed). The PTEN KO neutrophils showed a more enhanced Transwell migration compared with WT neutrophils (30) . Consistent with these in vitro results, in the current study, we observed a much-enhanced neutrophil emigration from cremasteric venules in the PTEN KO mice. Collectively, from our results we can conclude that PTEN does not play a role in directional sensing, but only regulates threshold for polarization and sensitivity in response to chemoattractants. It serves as a negative regulator for neutrophil transendothelial migration.
Although the enhanced transendothelial migration of PTEN null neutrophils can be simply explained by the increased sensitivity to chemoattractant and the elevated actin polymerization in response to extracellular stimuli, other mechanisms might also be responsible for the enhancement. It was previously reported that certain neutrophil proteases, including elastase and gelatinase, are capable of rapidly degrading junctional adhesion molecules such as PECAM-1, junctional adhesion molecules, ␣ 6 ␤ 1 integrin, ICAM, endothelial cell-selective adhesion molecule, CD99, VE-cadherin, and collagen and thus facilitate the neutrophil extravasation during an inflammatory response (61) (62) (63) (64) (65) (66) . Interestingly, we observed a significant elevation of chemoattractant-elicited release of neutrophil elastase and gelatinase from the PTEN null neutrophils (Fig.  9) . Thus, the enhanced neutrophil extravasation in the KO mice could be partially contributed by the augmented protease-mediated degradation of components in the junctions. Enhanced transmigration can also be caused by alteration of neutrophil/endothelial or neutrophil/basement membrane interaction. However, electron microscopy examination revealed no obvious differences in the structures of neutrophil, vascular endothelial bed, basement membrane, as well as their interactions between the WT and PTEN KO mice (Fig. 5 , and data not shown) (also see supplemental Figs. S3 and S4), 4 indicating that the elevated transmigration in the PTEN KO mice is unlikely caused by the altered neutrophil/endothelial or neutrophil/basement membrane interaction. Lastly, several groups have recently reported that selectins can activate neutrophils and regulate neutrophil migration (72) (73) (74) (75) . However, our results showed that PIP 3 /Akt pathway could not be modulated by E-or P-selectin, suggesting that PIP 3 is not a part of selectin-induced signaling (see supplemental Fig. S5) . 4 This result is consistent with previous reports that E-selectin elicited ␤ 2 integrin activation in neutrophils is mainly mediated by a MAPK pathway. Engagement of PSGL-1 by selectin enhances tyrosine phosphorylation and activates MAPK in neutrophils (72, 76, 77) . In another report, it was shown that E-selectin binding to PSGL-1 can activate the ␤ 2 integrin LFA-1 by signaling through spleen tyrosine kinase Syk. This signaling is independent of G protein-coupled receptors, and is mediated by an Src family kinase Fgr and an ITAM-containing adaptor proteins DAP12 (78) . Collectively, published results and our own results suggest that the enhanced transendothelial migration of PTEN null neutrophils is unlikely due to the alteration of selectin-elicited signaling.
